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I. INTRODUCTION 
10 Object and Scope 
The object of this investigation was to study analytically the in-
fluence of roadway unevenness on the dynamic response of simple span highway 
bridges traversed by heavy vehicles. Ordinarily, the term unevenness is used 
in a generalized sense to include any deviation of the bridge profile from a 
horizontal line passing through the supports 0 As used in this report , it refers 
to the deviations measured from the design grade. In other words, it excludes 
vertical curves, initial camber, or dead load deflectiono 
Roadwayunevennesp may be due to such causes as normal weathering and 
wear, differential settlement of the piers, shrinkage and creep of the concrete, 
poor construction techni~ues, or the presence of expansion jointso Examdnation 
of the surface conditions of actual bridges indicates that the irregularities 
are generally random in character. It follows then that their effects can best 
be described in a statistical sense, and that the most appropriate method of 
analyzing this problem would be through the application of random~process tech-
niClues. However, available data on the surface conditions of actual bridges 
are too limited to permit an analysis of this type. In this investigation the 
deterministic approach is usedo The dynamic response of a number of bridges 
is evaluated for given configura~ions of unevenness 0 The following specific 
types are considered~ 
(1) A sinusoidal profile deviation, which is an example of a syste-
matic unevenness. 
(2) A profile dev~ation consisting of a series of half-sine waves, 
successively of opposite signs, having une~ual wave lengths and amplitudes. 
Intermediate between a systematic and a random variation, this form of uneven-
ness is referred to as semi-systematic 0 
2 
(3) Two profile devIations taken from portions of actual bridge 
profiles. 
(4) A localized irregularity in the form of a single half-sine waveo 
In order to simpli~ the interpretation of the solutions, all analyses 
were made for a single axle load corresponding to the rear axle of a "typical f ! 
heavy truck the characteristics of which are given in the texto The bridges 
1* 
considered are of the.SA-2-53 type specified by the Bureau of Public Roads ; 
these are simple span I-beam bridges with steel girders and a concrete deck 0 
The results of these studies are presented in Chapters IV through VIIo 
The method of solution and the characteristics of the bridge-vehicle systems 
investigated are described in Chapter 1110 This material is preceded by the 
presentation of data on the surface conditions of six actual brIdges 0 
2-10 A brief review of available information concerning this problem 
II has been presented elsewpere 0 
20 Notation 
The symbols used in this report are defined where' they first appear 
in the text and are assembled here for convenient referenceo 
b amplitude of a half sine wave 
b/£= wave parameter 
£ lengt.h of one half wave in a sinu.soidal profile 
£ . length of jth half sine wave in a semi..""syste1Jl.atic profile 
J 
(j = 1, 2, 3) 
L span length of beam 
m number of half- sine waves along the span of' the beam 
* Superscript numbers refer to the items in the Bibliography at the end of 
thi s report 0 
ml , m2 = "critical" values of m defined by E'ls 0 (4) and (5) 
(m ) , (m ) = actual "critical ff values of m 
cr 1 cr 2 
Tb natural period of vibration of the beam 
TL natural period of vibration of the vehicle 
T 2L/mv = ftperiod" of the sinusoidal profile variation p 
v velocity of the vehicle 
x distance from the left support to the center of a localized 
irregularity 
ex = TIb /2L, speed parameter 
aI' a 2 = "critical" values of Q; defined by E'ls 0 (2) and (3) 
Q; = actual "critical" value of Q; 
cr 
x 
- L 
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110 SURFACE CONDITIONS OF ACTUJtL BRIDGES 
40 Data for Actual Bridges 
In order to provide a realistic basis for this analytical investigation, 
a reveiw was first made of existing data on the surface conditions of actual 
highway bridges 0 The purpose of this review was to obtain an indication of the 
order of magnitude of the surface irregularities present in actual bridges and 
of the manner in which they are likely to be distribu-;ed along the spano 
The data considered were obtained from field measurements on the 
following six bridges: 
(1) North Dillard Bridge, Oregon 
(2) Troutdale Bridge, Oregon 
(3) Bridge L-5l8 over Burris Fork, Missouri 
(4) Miller's Creek Bridge, Iowa 
(5) Wapsipinicon Bridge, Iowa 
(6) Middle Loup River Bridge, Nebraska 
Some of the profiles were determined accurately by taking elevations 
with a level at lO-fto intervals J while others were obtained by means of a 
f?roughometer machineYlo Representative wheel track profiles for the first five 
bridges are shown in Figo 1, wherein the characteristics of the superstructures 
are also ind:"catedo In this figure the d.iagrams :f'or bridges (1) and (2) show 
the deviations of the profiles from the design or mean grade, whereas the re-
maining diagrams show actual profileso For the present study the information 
of greatest interest is the magnitude and distribution of the differences between 
the actual profile and the design or mean grade line 0 As used. in tbis report, 
the terms uunevennessYV and nprofile deviationH refer to these differenceso 
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Examination of the data for the six bridges listed above shows that 
the distribution of the irregularities along the length of a bridge is generally 
random in charactero However, some portions of the records examined were 
characterized by a reasonably systematic wavinesso This somewhat vague term is 
used to identify a series of three or more waves, successively of opposite signs, 
having approximately the same length 0 
Throughout this report the magnitude of a systematic unevenness is 
measured in terms of the "wave parameter" 0 This is defined as the ratio of 
the amplitude of a wave to its length 0 For an unevenness which is not truly 
systematic, the average value of the wave parameter is taken as a measureD For 
the profiles that were examined the average value of this parameter ranged from 
less than 00001 to about 000020 
Among the bridges considered, the North Dillard Bridge showed the 
largest profile deviations; these ranged approximately from -100 ino to 100 ino 
In general the irregularities were distributed at random 0 However, for a 
number of sections (an example is presented in Chapter VI) the unevenness was 
fairly systematic, and the average wave parameter was found to be about 000020 
Although the North Dillard Bridge and the Troutdale Bridge are iden-
tical structures, the surface conditions of the two d.ecks differed appreciablyo 
The maximum deviations for the Troutdale Bridge were about 005 in 0, but occurred 
gradually over a great length 0 
The deck surface of Bridge L~518 over Burris Fork was fair1y smooth 0 
The maxiIImm deviations from the mean were of the oreIer of + 002 in 0 The 
sections of the span that presented a more or less systematic waviness had an 
average wave parameter of about 0000150 
The profile of the MlllerYs Creek Bridge was characterized by a 
well defined waviness that was distributed along the entire spano The 
6 
deviations ranged from -002 ino to + 002 ino, and the average wave parameter 
was o~ the order of 0000150 
The surfaces of the Wapsipinicon River Bridge and the Middle Loup 
River Bridge were mnootho 
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1110 SYSTEMS ANALYZED AND :METHOD OF AN.A.LYSIS 
50 Types of Bridges and Vehicles Considered 
The bridges considered in this study correspond. to the SA~2- 53 type 
specified in the lVStandard Plans for Highway Bridge SuperstructuresY! of the 
1 Bureau of Public Roads 0 These are I-beam bridges with steel girders and a 
concrete decky designed. for H20~S16 loadingo In this report these structures 
are referred to as "typical~! I-beam bridges 0 Their weights and natural :freCluen-
cies, calculated from. data given in the aforementioned manual" are ].isted in 
Table 10 A detailed description of the characteristics of the surface uneven-
ness considered in the various phases of this investigation is given in subse= 
Cluent sections 0 
In order to simplify the interpretation of the results) the vehicle 
was represented by a single axle load. 0 It should be noted) however) that in 
general, the response obtained. with such a .10 ad. is not appreciably different 
from that due to a typical two-axle truck. load.ingo Unless specified. differentlY;J 
the single axle load considered. is the rear axle of a r!typ:l.ca1.~: tru.ckJ the 
characteristics of which are 1isted :l.n Tabl.e 20 
60 Method of Analysis 
All num.erical resll .. lts were obtained. on the ILLIA.C J the electronic 
digi ta.l computer of the University of I1.:i:o.o:'s:J using the program d.eveloped by 
In the anal.ysis of the system the bridge is represented. as a simply 
supported. elastic beam. of uniform mass and cross sectiono In turn,? the beam 
is treated. as a system having a single degree of freedom 0 Specifically" it 
is assumed that the deflected configuration of the beam at any tLme is propor-
tional to the static configuration produced by the weight of the vehicle and 
TABLE l CHARACTERISTICS OF "TYPICAL n BRIDGES 
Span Total Fundamental 
Tb 
Weight Nato Fre CluencY* 2L 
(fi.) (lb. ) ( cop.s 0 ) ( sec 0 1ft. ) 
20 98,000 12013 0.00206 
45 227,000 5041 0000206 
60 32 3,500 4008 0000204 
70 385,700 3019 0000224 
78 448,2QO 2081 0000228 
90** 481,000 2058 OoOO2l6 
* Complete composite action is assumed between 
the concrete slab and the I-beams. 
** Since the largest simple span specified in 
the Standard Plans of the Bureau of Public Roads 
is 78 fi. long, the characteristics of this span 
were determined by extrapolationo 
TABLE 2 CHARACTERISTICS OFirTYPIC.A.L" TRUCK 
Rear .AJr~e Front Axle 
Sprung Weight (lb 0 ) 26,000 7,700 
Unsprung Weight (lb 0 ) 5,100 1,200 
Spring Constant (lbo/in~) 21.,700 2,700 
FreCluency (coposo) 2086 1085 
Axle Spacing (ft 0) 14 
Gross Vehicle Weight (lb 0) 40.,000 
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the weight of the beam itself. It is further assumed that the vehicle moves 
at a constant speed and that, while on the span, at no time does it lose contact 
with the bridge. Also, damping for the vehicle and the bridge is neglected. 
For the present study, the vehicle is assumed to have no vertical 
motion as it enters the span, and the bridge is considered to be initially at 
rest but deflected under its own weight. In all the problems the unevenness 
was measured with reference to this initially deflected configuration. In other 
words, the design grade was assumed to coincide with the dead load deflection 
configuration of the structure. 
IV • EFFECTS OF A SINUSOIDAL UNEVENNESS 
70 General 
This part of the investigation included the solution of the three 
series of problems outlined in the following paragraphs. In all cases, the 
first half-sine wave was assumed to be located below the mean grade line. 
First Series This series comprised solutions for spans of 20, 45, 
60, 70, 78 and 90 fto The variables considered were the speed of the vehicle 
and the numherof waves present along the spano The vehicle speed was varied 
-approximately from 15 mph to 70 mph at increments of 205 mph 0 Forthe 
majority of cases the number .of half-waves considered is 0 (smooth surface), 
3, 5, 7, 9 and 15, but in several instances solutions were also obtained for 
additional numbers of waves a For this series of problems the wave parameter, 
bit, was equal to 0.0010 
SecondSeries The solutions obtained in this case were for spans 
of 20 and 45 ft and a wave parameter of 000030 As before, the speed of the 
vehicle was varied from 15 to 70 mph at increments of 2.5 mph. 
Third Series For this series of problems the speed parameter aJ 
defined b~- Eqo 1 in the next section, was taken -equal to 00100 Solutions 
were obtained for spans of 20, 45, 60, 70, 78 and 90 fto The number of 
half-waves along each span was varied from 0 to 15 at increments of one, 
with the wave parameter taken as 000010 
8. First Series of Problems 
801 Presentation of Results The results obtained -from this series 
of problems are given in Figso 2 through 70 In Figo 2 the amplification 
factors for maximum bending moment at midspan of the 20-ft span are plotted 
as a function of the speed parameter ao The amplification factor designates 
10 
11 
the ratio of the dynamic effect at a point to the corresponding maximum static 
effect. The speed parameter is defined by the equation 
vTb 
a = 2L ( 1) 
in which v denotes the velocity of the vehicle, L the span length and Tb the 
fundamental natural period of vibration of the .unloaded bridge 0 The number 
associated with each curve identifies the number of half-waves present along 
the length of the bridgeo . Similar plots for spans of 45, 60J 70, 78 and 90 
ft are given in Figso 3 through !J respectivelyo 
For the 20-ft span, it can be seen that the influence of the un-
evenness is quite small. The difference between the peak amplification 
factors for an uneven surface and a smooth surface is of the order of 00100 
It is further noticed that the curves corresponding to different numbers of 
waves have similar shape and are L~ phase with one another. 
For the spans of 60, 70 J 78 and 90 ft, one finds no resemblance 
between the curves corresponding to an uneven surface and a smooth surface 0 
The peaks of the various curves are generally out of phase~ with the vqlue 
of a corresponiing to a peak decreasing as the number of waves increases. 
The dynamic increments due to surface unevenness are appreciable in this 
case, a..nd they tend to increase with increasing span length. For . example ~ 
for the 60~ft span the difference between the peak amplification factors 
for the most seve:re unevenness considered and the smooth surface is about 
0.450 The co:rresponding di.fference for the 70~ft span is 0050, while for 
the 78-ft and 90~ft spans it is about 0080. 
The results for the 45~ft span represent a condition intermediate 
between the two conditions described above 0 
12 
8.2 Critical Speed Parameters As pointed out elsewherelO, one might 
expect two conditions under which the dynamic effects due to a sinusoidal pro-
file deviation may be of appreciable magnitude. The first corresponds to the 
case in which the "period" of the profile, T , (i. e OJ the time re~uired for the p 
load to travel over the distance covered by one complete wave) coincides with 
the natural period of vibration of the load, TL. The value of a corresponding 
to this '11 critical" condition is denoted by al and given by the expression 
, (2) 
where m is the number of half-waves present along the span, and Tb and TL are 
as previously defined. 
The second tlcriticalH condition may be expected when the period of 
the profile coincides with the fundamental natural period of the bridge. 
Designated as a2 , the value of a corresponding to this condition is given by 
the expression 
1 
m 
The values of a corresponding to the peaks of the curves in Figso 3 
through 7 are listed in Table 3; these are designated as a . Included in 
cr 
this table for Furposes of comparison are also the values of al and Ok 
evaluated from E~s. (2) and (3)0 It is to be emphasized that a corresponds 
cr 
to the absolute peak value of a curve within the range of velocities con-
sideredo This peak does not necessarily occur at the value of a for which 
there is the maximum difference between the curves for an uneven surface and 
a smooth surfaceo 
TABLE 3 COMPARISON OF VALUES OF acr' a1 AND a2 
WAVE PARAMETER b/i. = 00001 
---- - - --~ 
No. of L = 45' L.= 60! L= 70 Y L.:f= 78' L~ 90' 
Half Tb Tb Tb Tb Tb 
Waves ......-..= 00529 T::::: 0 0701 -::::: 0.897 ~ =: 1.0018 T ,::::: 10108 TL L TL TL 'L 
- - - - - - - -a a l a2 a al a2 a a l a2 a al a2 a al a2 cr cr cr cr cr 
3 0.188 00176 00333* 0.217 0.234* 00333* 00229 00299* 003.3.3*' 0,,2.34. 0.339* 0.333"* 00229 0.369'* 00333* 
5 00076 0.106 0.200 00124 00140 00200 00154 00179 0.200 00180 00204· 00200 0.178 00222 0.200 
7 ' 00090 00076 00143 00106 00100 00143 0.129 0 0128 0014-3 0.149 0014,6 0014-3 00136 00158 00143 
9 00058 00059 00111 0.073 00078 00111 00093 00100 00111 00112 00113 0 0 111 00109 0 0123 00111 
15 00159 00035* 00067 00046 00047 00067 00057 00060 00067 00062 00068 00067 00071 00074 00067 
L~__ _ ___ ~. __ L-____ ~_ 
--
*These values do not fall within the range of a V s considered; therefore, the val.ues of a and a1 (or cx2 ) cannot be d cr .-compare 0 
~ 
'vJ 
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Referring to the results given in Table 3 for 45, 60 and 70-ft spans, 
it can be seen that while there is a reasonable degree of agreement between the 
values of a and aI' there appears to be no correspondence between the values 
cr 
of a and a2 0 It follows that the condition of synchronization between the cr 
period of the profile deviation and the natural period of vibration of the 
load is the more severe of the two ncriticalVl conditions mentioned before 0 
For the 78-ft and 90-ft spans, the values of al and a2 are of the same order 
of magnitude and, therefore, it is not possible to assess the relative impor-
tance of the two conditionso The results for the 20-ft span are not included 
in this comparison because the magnitude of the effects are quite small in 
this caseo 
803 Magnitude of Dynamic Effect The dynamic increments for the 
various cases considered can be determined from the curves given in Figso 2 
through fa As already noted, the magnitude of these increments increases as 
the span length increases 0 This trend may be attributed to the following two 
factors~ (a) Since the wave parameter is constant for all span lengths, the 
amplitude of the wave corresponding to a fixed value of m is greater for the 
longer spans 0 (b) As the span length increases, the ratio Tb/TL.approaches 
unity I,-ri th The re sul t that at a " critical?! speed the period of the surface 
unevenness is in synchronism with both the natural period of the vehicle and 
the natural period of the bridgeo That this is a most precarious condition 
is pb.ys:i.cally apparent 0 
90 Second Series of Problems 
These problems were considered in order to investigate the effect 
of increasing the amplitude of the surface deviation for bridges of short 
spans 0 The solutions obtained were for spans of 20 and 45 ft and a wave 
parameter of 000030 
15 
The results are presented in Figs. 8 and 9. It can be seen that, 
in thi.s case, the dynamic increments are appreciable 0 For the 20-ft span the 
maximum difference between the peak values of the curve60for the uneven sur-
face and the smooth surface is about 0.35. For the 45-ft span the corres-
ponding difference is 0.70. 
In Table 4 the values of a are compared with the values of (Xl and 
cr 
a2 determined from E~s. (2) and (3)0 For the 45-ft span a = a l and the cr 
results confirm those presented in the preceding sections. For the 20-ft span 
a ~ a2~ indicating that, in this case, the maximum response is obtained when 
cr 
the period of the profile deviation is close to the natural period of vibra-
tion of the bridge. However, it should be noted that the values of al are less 
than the minimum values of a for which solutions were obtained. 
TABLE 4 COMPARISON OF VALUES OF acr' 01 AND CX2 
WAVE PARAMETER bit = 0.003 
No. of L = 20' L= 45' 
Half Tb Tb 
Waves TL - 0.236 T'= 00529 L 
a a l LX2 a a l a 2 cr cr 
5 0.190 0.047 0.200 00106 0.106 0.200 
I 
7 00141 00034 0 0 143 0.091 00076 00143 
9 00113 0 .. 026 0 .. 111 00060 0 .. 059 O.ll~ i 
100 Third Series of Problems 
In order to further substantiate the observations made in the pre-
ceding sections} additional solutions were obtained for the particular value 
of a = 0.10. These solutions are summarized in Fig. 10. In this figure the 
amplification factors for maximum bending moment at midspan of six different 
bridges are plotted as a function of the number of half-sine waves present 
along the span. The wave parameter b/ £ is taken equal to 00001. 
The values of m corresponding to the two conditions of synchroniza-
tion referred to previously are denoted by ml and~, and are given by the 
equations 
1 Tb (when T TL) ml a TL p ( 4) 
1 (when T Tb ). m= = 2 a p 
TL, ml = m2 0 
For the problems considered, the values of ml and m2 are listed in 
part (a) of Table 5. Included also for comparison are the values of m cor-
responding to the two peaks of the curves given in Figo 10. These values are 
designated as (m ) and (m ) . For the three longest spans there is only 
cr 1 cr 2 
one peak, so that (m ) = (m ) . It can be seen that the agreement between 
cr 1 cr 2 
predicted and actual criti.cal values is quite satisfactoryo 
Returning now to Figo 10 it should be noticed that, with the ex-
ception of the 20-ft spanJ the magnitude of the response for ml is larger 
than that for m2 . It should aI.so be noticed that the peak response increases 
as the span length increases or, more precisely'~ as the natural periods of 
v:i.bra-tion of the vehicle and the bridge become eq1).al.. 
In Fig. 11 are summarized the results of a similar study for a 
vehicle having a natural period of vibration of 0028 sec. For the results 
presented thus far the natural period of the vehicle was 0.35 sec. It is note-
worthy that in this case the curve for the 78-ft span has two peaks~ whereas 
the corresponding curve given in Fig. 10 has a single peako This difference 
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arises from the fact that wheD. TL = 0028 sec. the values of illl and m2 are not 
as close together as when TL = 0.35 sec o The predicted and actual values of 
m are compared in part (b) of Table 50 As in previous cases, the comparison 
cr 
is satisfactoryo 
TABLE 5 COMPARISON OF m VALUES. a = 0010 cr ." 
Span (m
cr
) - (mer) -Tb ml m2 ft 
TL 
1 2 
~ 
(a) For TL = 0035 sec o 
20 00236 108 204 908 10.0 
45 00529 600 503 1005 1000 
60 00701 600 700 1100 1000 
70 00897 808 900 808 1000 
78 10018 10 00 1002 1000 1000 
90 10108 1000 1101 1.000 1000 
(b) For TL = 0028 sec. 
20 00294 200 209 1000 1000 
45 00660 600 606 1007 1000 
60 00875 808 807 808 1000 
70 10120 10)+ 1102 1004 1000 
78 10270 1300 1.207 1100 10 00 
The second noteworthy feature of the curves gi.ven in Fig a 11. is that the peak value 
of the arnpl.ific.ation factor for the 78~ft Spa.ll l.s smaller than that for either 
the 60~ft or 70·~ft spano This result confirms the assertion made previous1.y 
to the effect that the maximum response is obtained when the ratio of the 
natural periods of the vehicle and the bridge are close to unity a 
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11. Absolute Maximum E~~ects at Midspan 
11.1 Presentation o~ Results The curves presented in Figso 2 through 
9 illustrate the in~luence o~ the speed o~ the vehicle on the maximum response 
o~ the bridge. The detailed characteristics o~ these curves, although inter-
esting) are o~ little practical value. Inasmuch as in an actual application 
the speed o~ the vehicle may have any value within the range conSidered, the 
most signi~icant in~ormation is provided by the peak values o~ these curves. 
For the first series of problems, the peak amplification factors for 
maximum bending moment at midspan are plotted in Figo 12a as a function of the 
number of half-sine waves present along the span. The range of speeds con-
sidered is from 15 mph to 70 mph; the wave parameter is 000010 Similar ·curves 
for the peak amplification factors for maximum deflection at midspan are given 
in Figo 12b. These were obtained from plots similar to those given in Figs. 
2 th-yough 70 The curves given in Figso 13a and 13b correspond to a range of 
velocities from 15 to 45 mph, instead of ~rom 15 to 70 mpho 
11.2 Discussion The most striking characteristic o~ the results 
presented in Figs. 12 and 13 is the order of magnitude of the amplification 
factors. Although ·the magnitude of the sur~ace irregularities considered in 
these solutions is by no means excessive, the dynamic ef~ects are ~airly large. 
In interpreting the signi~icance of these results it is important to remember 
that damping i.n the vehicle and the bridge II'7HS neglected in arriving at these 
solutions. Accordingly, the computed ef~ects are generally greater than .those 
to be expected in a practical application. The influence of damping is likely 
to be most important when the number of waves along the span is large and when 
the natural peri.ods of vibration of the vehicle and the bridge are close to 
one another. 
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For the results given in Figs. 12 and 13, b/i is the same for all span 
lengths and all values of m. Conse~uently, as m increases, £ decreases and b 
increases. It follows further that, with m fixed, b increases with increasing 
span length. A more direct comparison is presented in Fig. 14. 
For the three spans considered in this figure the values of b/£ have 
been selected so that, for constant m, the amplitudes of the waves are identical 0 
In particular, b/i is e~ual to 0.001, 0.0016 and 0.0035 for the spans of 70, 45 
and 20 ft, respectively. This corresponds to the satisfaction of the following 
relationship for all three cases: 
mb = 0.84 
where b is expressed in inches. It is important to notice that, even when the 
response of the three spans is compared on the basis of fixed values of mb, 
the maximum response is obtained for the longest span for which the natural 
period of vibration is closest to that of the vehicle. 
It is noted in passing that in Fig. 14 the curves for the spans of 
20 and 45 ft were determined by interpolation. As explained in Section 9, in 
addition to the solutions corresponding to b/i O.OOl,solutions were available 
for b/t = 0.003 for a number of different values of m. From these data the 
linear relationships given in Fig. 15 were established. These lines were 
used to effect the necessary interpolations and extrapolation. When there 
was no solution available for b/£ = 0.003, a linear relationship was assumed 
with a slope e~ual to the average slope of the lines in Fig. 15. 
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V. EFFECTS OF A SEMI -SYSTEMATIC UNEVENNESS 
120 General 
The surface unevenness considered in this section consists of five 
consecutive half-sine waves~ alternately of opposite signs, having different 
lengths and amplitudes. The length of each end wave is taken equal to one-fifth 
the length of the span} whereas the lengths of the remaining waves are varied 
over the entire possible range} always keeping the waves symmetrical about the 
center line of the spall. For each wave, the amplitude-to-length ratio (lOeb, 
the wave parameter) is considered to be constant. 
The distribution of the unevenness can conveniently be specified. in 
terms of the dimensionless parameter A, defined as 
(6) 
where 12 and 13 are the lengths of the second and the third waves) respectively. 
The range of A is from 0 to 1. As shown in Fig. 16, A = 0 corresponds to the 
case in which there are only three waves along the span, while A = 1.0 corres= 
ponds to the case in which there are four waves. For a sinusoidal unevenness 
~ = 0050 The end waves are assumed to be located below the grade line. 
Solutions were obtained for spans of 20, 45 and. 70 ft for val.ues of 
J... from 0 to 1.0 and a range of speeds from 15 mph to 70 mph. The wave parameter 
was taken as 00001 for the 70-ft span and as 0.003 for the 45~ft and. 20-ft spans. 
130 Presentation and Discussion of Results 
The results of this part of the investigation are presented in Figs. 17 
through 20b <> In Figs 0 17 through 19 the amplification factors for ma..¥.i.mum bend-
ing moment at the center of the three spans are given as a fUnction of a for 
various values of the profile parameter AO The peak values of these curves are 
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plotted in Fig. 20a as a fUnction of AO Similar plots for absolute maximum 
deflectlon are given in Figo 20b. For purposes of comparison the results for 
a smooth surface are also indicated in these figures 0 
It is important to notice that for a fairly wide range of values of A 
the ordinates of the curves in Fi§3020 are of the same order of magnitude as the 
correspond.ing ordinates for a sinusoidal profile (A = 0.50)0 This is partic-
ularly true in the case of the 70-ft span for which the natural periods of the 
bridge and the vehicle are close to one another. For this span, the amplification 
factor for bending moment varies from 1.85 to 1097 for values of A in the range 
between 0015 and 1000 The corresponding range of variation of the amplification 
factor for deflection is from 202 to 2.4. 
The practical implication of these results is that, even when the un-
evenness of a bridge deck is not entirely systematic, it may be possible to 
estimate its effects by considering a sinusoidal unevenness having approximately 
the same number of waves and an amplitude corresponding to the average wave 
parameter of the actual profile. 
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VI 0 EFFECTS OF ACTUAL BRIDGE PROFILES 
140 General 
The sur~ace irregularities used in the solutions presented in this 
section. were determined ~om field measurements on actual bridges 0 The solutions 
given are for a fYtypical Tt 70-fi span traversed by a fTtypical Tt vehicle at speed.s 
ranging from. 15 ,mph to 70 mph 0 Two distributions of deck unevenness are con-
sideredo 
The ~irst corresponds to a section of the ~rofile of the North Dillard 
Bridge<> The particular profile used was taken along a line 8'.5 ft east of, 
and parallel to, the center line of the roadway, beginning at the South Interior 
Pier and extending 70 fi to the north 0 The surface unevenness was then consid~ 
ered to be e~ual to the deviations of this pro~ile from a straight line passing 
through the end points of the 70-fi segment 0 A sketch of the unevenness together 
with a tabulation of the ordinates at intervals of 804 ino is given in Figo 210 
The ord.inates of points below the reference line are taken as positive 0 It 
should be noticed that there are four distinct half~waves present along this 
70~fi segB1ent 0 The value of' the average wave parameter is about 000020 
The second distribution corresponds to a section of the Miller~s 
Creek Brid.ge 0 As previously noted., this is a three-span continuous structure 
with a central span of 70 fi 0 The profile used was taken on the central span 
along a l.ine 3 f't east of the center line of the roadway 0 As in the preceding 
case, the unevenness was measured with reference to a straight line passing 
through the end points of the 70-fi segment 0 The results are tabulated in 
Figo 220 There is a distinct waviness in this diagram. 0 The exact num.ber of half-
waves present is difficult to identify, but it appears to be between 10 and l20 
The value of the average wave parameter is approximately 0000150 
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150 Presentation and Discussion of Results 
In Figo 23 the amplification factors for maximum bending moment at 
the center of the 70-ft span are plotted as a function of the speed parameter 
for each of the two profiles considered 0 The curves (a) and (b) are similar 
to those in Figo5b fora sinusoidal unevenness with ill = 4 and m = 10 or 12, 
respectively 0 
TABlE 6 COMPARISON OF RESPONSE FOR ACTUAL 
AND SINUSOIDAL PROFILES 
Bridge Profile a Max 0 AoF 0 
cr 
North Dillard Bridge 00213 2030 
Sinusoidal; m = 4; b/l = 00001 00182 1084 
Miller's Creek Bridge 00066 2008 
Sinusoidal; m = 10; b/J. = 00001 00082 1091 
Sinusoidal; m= 12; b/J. = 00001 00072 1070 
In Table 6 the critical values of a for the actual profiles are com-
pared w:' th the values corresponding to the sinusoid.al profiles indicated in the 
table 0 The agreement between the two sets of results is satisfactory 0 Included 
also are the amplification factors for absolute maximum moment at midspano It 
can be seen that, in this case, the values for the actual profiles are greater 
than for the sinusoidal profiles 0 This difference can be explained by the fact 
that the wave parameter of the sinusoidal profiles is OoOOlJ whereas, as pre~ 
viously noted, the average wave parameters for the North Dillard Bridge and the 
Miller~s Creek Bridge are 00002 and 0000150 
The results obtained for a sinusoidal profile by extrapolating linearly 
to the appropriate values of the wave parameter are found to be in good agree-
ment with those obtained for the actual profiles 0 These results confirm the 
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assertlon made in Article 13 concerning the influence of a semi-systematic 
unevenness 0 The indications are that the concept of the equivalent sinusoidal 
unevenness may be used to arrive at an order-of-magnitude estimate of the 
dynamic increments due to a wavy bridge surface. 
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VII. EFFECTS OF A LOCALIZED UNEVENNESS 
16. General 
In this section are presented the results of an exploratory study on 
the effects of a localized irregularity having the form of a half-sine wave 0 
The wave is assumed to project above the grade line, and its length is taken 
e~ual to one-fifth the length of the span. The solutions are for a 70-ft. span; 
the irregularity is assumed to occupy successively the first, the second and 
the third fifth of the span. 
17. Presentation of Results 
The results of this study are given in Figs. 24 through 27. In Figs. 
24 through 26 are plotted the amplification factors for maximum bending moment 
at midspan as a function of a. Identified as positions (1), (2) and (3), the 
three positions of the wave are shown at the upper left corner of the figures. 
Fig. 24 corresponds to a wave parameter of 00001, while Figs. 25 and 26 corres-
pond to wave parameters of 0.002 and 0.003, respectively. In each figure, the 
curve corresponding to a smooth surface is also included for purposes of 
comparison. 
The maximum values of the curves given in Figso 24 through 26 are 
summar~zed in Fig. 27. The abscissa ~ i~ this figure denotes the ratio of the 
d.istance between the left support and the center of the irregularity d.:' vided 
by the span length 0 
It can be seen that when bit = 0.001 the max~mum response does not 
differ greatly from that corresponding to a smooth surface. For bit = 0.002 
the peak response occurs for ~ = 0030, and it is e~ual to that obtained for a 
continuous sinusoidal unevenness having the same length but an amplitude one-
half as great. In all cases the response decreases sharply as ~ approaches 
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the value of 0.50. This decrease can be explained as follows. The primary 
effect of the irregularity is to amplify the vertical oscillation of the vehicle. 
However, if the irregularity is situated close to midspan, by the time the os-
cillation of the vehicle is magnified the vehicle has crossed the center of the 
span and is in a region where it cannot produce large effects. 
This study has been of an exploratory nature. Needless to say, 
additional studies are required to assess the contribution of the various 
factors entering into this problem. 
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VIII. CONCLUSION 
18. Summary of Results 
The purpose of this investigation was to obtain numerical solutions 
depicting the influence of roadway unevenness on the dynamic response of a 
number of simple span highway bridges. Four different distributions of sur-
face irregularities were considered 0 
The parameters used to describe the influence of a sinusoidal uneven-
ness include the number of waves present along the span, the wave parameter b/l, 
the speed parameter a, and the ratio of the natural periods of vibration of the 
bridge and the vehicle, Tb/TLo With a few exceptions, the results obtained 
correspond to a value of b/l = 000010 
When Tb/TL is greater than about 0.25, the maximum response is 
attained at the speed for which the vvperiod tf of the profile variation, T , is p 
approxlmately e~ual to the natural period of vibration of the vehicle. When 
Tb/TL is of the order of 0.25 or less the maximum response may occur when 
Tp ~ Tb" Other things being e~ual, the magnitude of the maximum response in-
creases as the ratio Tb/TL approaches unity 0 For the problems analyzed, the 
amplification factors for absolute maximum moment and deflection at midspan 
are summarized. in Figs. l2a through 14. For b/l greater than 0.001, there 
appears to be a linear relationship between the wave parameter and the maximum 
response of the bridge. 
A number of solutions were obtained for a semi-systematic unevenness 
consisting of five consecutive half-sine waves of different amplitudes and 
lengths, and also for two profiles determined from field measurements on actual 
bridges 0 These solutions show that the magnitude of the peak response is not 
very sensitive to the details of the unevenness and suggest that, when judic-
iously interpreted, the results for the sinusoidal unevenness may be used to 
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arrive at an order-of-magnitude estimate of the dynamic increments prod.uced by 
a wavy bridge surface 0 
Although the magnitude of the irregularities considered in the present 
investigation was small, the magnitude of the computed effects was ~uite large 0 
While it can reasonably be concluded that unevenness of the bridge deck may 
indeed. be a source of large dynamic effects, it is important to note that the 
influence of damping was neglected in arriving at the present resultso Damping 
is likely to play an important role in the case of a reasonably systematic un~ 
evenness, particularly when the number of waves present along the span is large 
and the period of the unevenness and the natural periods of vibration of the 
bridge and the vehicle are close to each othero The extent of this influence 
has not been investigated as yeto 
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FIG. 23 EFFECT OF VELOCITY! "RANOOH" PROFILE 
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FIG. 24 EFFECT OF VELOCITY, IDCALIZED IRREGULARITY 
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FIG. 25 EFFECT OF VELOCITY, LOCALIZED IRREGULARITY 
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FIG. 26 EFFECT OF VEWCITY, LOCALIZED IRREGULARITY 
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